Reaction pathways of NOX and N2O over CaO under carbonator conditions of the calcium-looping (CaL) process were investigated using a laboratory-scale fluidized bed with calcined limestone (CaO) and inert quartz sand as bed materials. Char particles were fed to the fluidized bed to simulate char transportation to the carbonator. With char feed to the sand bed, slight reduction of NO and N 2O in the feed gas was observed, but considerable CO formation was observed. When NO was fed to the CaO bed, NO was first adsorbed onto the CaO surface. The adsorbed NO was desorbed when char or gaseous CO 2 was fed. Although char feed to the CaO bed decreased NO slightly, the reduction of NO was nearly equal to that in the sand bed. This reduction of NO with char feed was attributable solely to NO reduction by the char. The formation of CO from char oxidation for CaO bed was much less than that for the sand bed. These results suggest that CO was oxidized over CaO before it reduced NO. For N2O decomposition, the CaO bed had high catalytic activity. CaL process is expected as a multifunctional process of CO2 capture and N2O decomposition with low CO emissions. 
Reaction Pathways of NOX and N 2 O over CaO in the Presence of Char under Carbonator Conditions of Calcium-Looping CO 2 Capture Process
Introduction
Carbon capture and storage (CCS) technologies have been investigated extensively to suppress CO2 emissions to the atmosphere. Calcium-looping (CaL), a dry absorptiondesorption process using a dual-fluidized bed solid circulation system, is a post-combustion CO2 capture process. Carbon dioxide in flue gas from an air-blown combustor is captured by CaO to form CaCO3 in a carbonator at about 873 -923 K and decomposition of CaCO3 to CaO and CO2 is conducted in a regenerator at about 1173 -1223 K, as portrayed in . The heat necessary to decompose CaCO3 in the regenerator is supplied by burning fuel such as coal using pure O2 so that the flue gas consists ideally only of CO2 and H2O. The CaL process is regarded as an energy-efficient and low-cost post-combustion CO2 capture process 1) ～ 6) .
Therefore, this process has been extensively investigated using dual-fluidized bed systems. Numerous reports have described CO2 capture by CaO-based sorbents and behavior of sorbents such as attrition 7) ～ 21)
.
However, in earlier reports of the relevant literature, only slight attention has been devoted to the fate of NOX in the carbonator, although flue gas from air-blown combustors usually includes NOX. Behavior of char in the system is also a concern. With coal combustion in the regenerator, char is formed through devolatilization. Then some char is transported to the carbonator mixed with CaO particles, as illustrated schematically in Fig. 1 (b) . Indeed, the authors have conducted dual-fluidized bed experiments using inert bed material (sand), which revealed that 5 -20% of the fed carbon was transported from the regenerator and was burned in the carbonator
22) ～ 25)
. The transported char was found to reduce some NOX in the carbonator through an NO-C reaction (eq. 1) 24) 25) because char reduces NOX to N2
at elevated temperatures 26) ～ 32) as 2NO + C → N2 + CO, CO2.
Aside from the reduction of NO by char, NO reduction by CO catalyzed by CaO is conceivable, as illustrated schematically in Fig. 1 (b) . Actually, CaO is known to catalyze NO reduction by CO 33) ～ 36) as
During dual-fluidized bed experiments using an inert sand bed, about 25-40% of oxidized carbon in the transported char was found to be converted to CO in the carbonator, i.e., the CO concentration in the flue gas from the carbonator was 1000 to 10 000 ppm 
In addition, char is known to reduce N2O 30) 43) 50) as 2N2O +C → 2N2 + CO, CO2.
Consequently, it is expected that the carbonator of CaL functions as a N2O decomposition reactor. Nevertheless, it remains unknown how much of N2O in the flue gas can be decomposed in the CaL carbonator.
The objective of this work is to evaluate the effect of char feed to CaO bed on reduction of NOX and N2O under carbonator conditions. Also, the influence of bed material (CaO or inert sand) on CO formation through char combustion is a concern. A laboratory-scale fluidized bed reactor was employed. Char feed to a CaO bed fluidized by gas mixture containing NO, N2O, and O2 was conducted to simulate char transportation to the carbonator. For comparison, an inert sand bed was employed to ascertain the formation of CO with char oxidation and reduction of NOX and N2O by char particles. A gas mixture of NO, N2O, and O2 diluted by N2 was fed from the reactor bottom. The superficial gas velocity was fixed at 17 cm/s at 873 K, i.e. the gas flow rate was 1.7 NL/min. The respective concentrations of NO and N2O
were fixed at 480 ppm and 480 ppm. The product gas was filtered and then diluted by a nitrogen stream to increase the gas flow rate to meet the gas analyzer requirements.
The NOX concentration (NO+NO2) was measured using a chemical-luminescence NOX analyzer (ECL-77; Yanagimoto Co. Ltd.). The CO and CO2 concentrations were analyzed continuously using an NDIR CO and CO2 analyzer (CGT-101; Shimadzu Corp.). Some gas was stored in gas bags intermittently. Then the gas samples were analyzed using gas chromatography (Chormpack CP4900; Varian Inc.) for N2O, O2, CO2, and CO.
Bed material
Calcined limestone was employed as the bed material. The composition (wt-%) of raw limestone included CaCO3 96.9, MgCO3 1.4, SiO2 0.6, Al2O3 0.8, and Fe2O3 0.3.
The raw limestone particle size was 0.35-0.42 mm. The limestone was calcined in N2 stream at 1173 K until CO2
formation was terminated. The CO2 concentration was measured continuously using a CO2 analyzer. The total CO2
formation was confirmed to be nearly equal to the amount of CO2 in the raw limestone. Minimum fluidization velocity of calcined limestone in the N2 stream was estimated as 3.5
cm/s at 873 K, assuming particle density of 1500 kg/m 3 , i.e., assuming no change in particle size with calcination. For comparison, quartz sand of 0.21-0.25 mm was used as an inert bed material.
Char sample and semi-continuous feed of char
Char prepared by devolatilizing raw coal in N2
atmosphere using a fluidized bed reactor was employed.
The devolatilization temperature (1173 K) was as high as the temperature in the regenerator of dual-fluidized bed system. The analyses of char sample are shown in Table 1 .
To simulate the char transportation and oxidation behavior of a dual fluidized bed system, char semi-continuous feed (successive batch feed) experiments were conducted. The authors have measured the overall char combustion rate in the carbonator of a dual-fluidized bed system using the inert sand bed, which revealed that the total concentration of CO and CO2 in the flue gas from the carbonator increased concomitantly with increasing O2 concentration of the fluidizing gas. The total concentrations of CO and CO2 were about 1% at O2 =10% and about 0.5% at O2=4%, respectively ( Fig. 3) 25)
. To simulate these conditions, char semi-continuous feed patterns were designed so that the total concentrations of CO2 and CO were 0.8 -1% at O2 =8% and 0.4-0.5% at O2=4% respectively. First, a batch of char was fed to the sand bed. The concentrations of CO and CO2 Fig. 3 Relation between oxygen concentration in the carbonator fluidizing gas and formation of CO and CO2 through char combustion in a carbonator observed using a dual-fluidized bed system with inert sand bed 25) (Fuels: semi-anthracite (SA), medium-volatile bituminous coal (MVB), and highvolatile bituminous coals of two kinds (HVB and HVB2))
were measured continuously. The char conversion rate ( f(t) [1/s]) was calculated from the total concentration of CO and CO2 in the produced gas (C(t) [%]) as (5) where t represents the time elapsed after the char batch feed. Fig. 4 shows the change in the char conversion rate with time after the char batch feed.
Then successive batch feed patterns, i.e., the interval and the amount of char for each batch, were designed by calculation to attain the desired overall char combustion rate. For calculations, it was assumed that the char interaction is unlikely to occur.
Thermogravimetric analysis to determine adsorption NO and N2O on CaO surface
As explained later, adsorption of NO on the CaO surface was observed during fluidized bed experiments.
Consequently, the phenomenon was conf irmed by measuring the weight change of CaO during NO feed using a thermogravimetric analyzer (TGA, TGA50H; Shimadzu Corp.) (Fig. 6) . Although the adsorption of N2O by CaO was not detectable during fluidized bed experiments, the possibility of N2O adsorption was investigated using TGA.
A raw limestone sample was placed in a Pt sample pan.
Then it was calcined in N2 stream at 1173 K. The heating rate was set at 30 K/min up to 973 K. Then it was slowed to 7 K/min so that a similar heating profile to that of the fluidized bed reactor was attained. After calcination, the temperature was fixed at 873 K. Nitric oxide or nitrous oxide diluted by N2 was fed at a total flow rate of 50 cm The adsorption of NO on the CaO surface was confirmed by TGA experiments. Fig. 10 portrays the These results demonstrate that NO adsorption is reversible.
Consequently, the results presented in Fig. 9 can be explained qualitatively by the adsorption of NO on the CaO surface.
After attaining a steady state of NO adsorption, semi-continuous char feed to the CaO bed was conducted. Adsorption: CaO*+NO → CaO-NO
Desorption: CaO-NO+CO2 → CaCO3+NO
In those equations, CaO* and CaO-NO respectively refer to active sites of CaO and NO adsorbed onto CaO. The total amount of desorbed NO was calculated by integrating the NOX peak in Fig. 11 . It was compared with the adsorbed NO calculated from the results presented in Fig. 9 . About 74-86% of adsorbed NO was found to be released to the gas after feeding the first batch of char, i.e., the adsorbed NO was mostly removed within about 400 s after starting the char feed. (Fig. 7) .
After finishing the desorption of NO immediately after the first char batch feed, the reduction of NO in the CaO bed during char feed was slight (about 10%). Although CaO is known to catalyze NO reduction by CO (eq. 2), and although CO is once formed during char oxidation under present conditions (Fig. 8) , the observed reduction of NO for CaO bed resembled that for the inert sand bed. These results suggest that the reduction of NO solely by char took place in the CaO bed. To clarify the reason why CO-NO reaction did not occur in the CaO bed, the overall formation of CO from char in the CaO bed was compared with that in the sand bed. Fig. 14 presents the CO concentration in the gas produced during char feed. The CO concentration during the char feed for the CaO bed was much lower than that for the sand bed. These results imply that CO is oxidized on the CaO surface before CO reacts with NO under the carbonator condition of CaL process.
Although CaO bed had only a minor role in NOX reduction, the CaO bed was found to be quite effective for N2O decomposition. Fig. 15 presents the N2O concentration in the gas produced before and after char feed. The N2O concentration in the gas produced from the CaO bed was much less than that from the sand bed, irrespective of the char feed. Even without char feed, nearly complete N2O decomposition was attained. This result is attributable to the catalytic effect of CaO to decompose N2O to N2 and O2 (eq. 3). Because N2O decomposition in the CaO bed without char feed was nearly complete, it could not be ascertained whether char enhanced N2O decomposition in the CaO bed, or not. Comparison of N2O concentration in the gases produced before and during char feed for the sand bed (open symbols in Fig. 15 ) revealed that the char-N2O reaction contributed only slightly to N2O reduction, although char is known to decompose N2O (eq. 4). To ascertain whether N2O adsorption contributed to the decrease in N2O concentration for the CaO bed, or not, a TGA study was also conducted with feeding a high concentration of N2O (8160 ppm). Fig.   16 presents the change in CaO weight with the N2O feed.
The change in weight of CaO with N2O feed was within the noise level. Therefore, the decrease in N2O observed during the fluidized experiments for CaO bed was attributed to N2O decomposition, not to adsorption.
To ascertain whether N2O decomposition reaction by CaO contributes to N2O reduction under CO2 capture condition, or not, simultaneous feeding of N2O and CO2 was also conducted. Fig.17 
Conclusion
Char was fed to a bed fluidized with a gas mixture of NO, N2O, and O2 under conditions of carbonator of CaL process. When inert bed material (sand) was used, only a small part of NO was reduced by char, whereas about 40% of oxidized carbon in char was converted to CO. When calcined limestone (CaO) was used as the bed material, CO emissions during char combustion were suppressed considerably, but the char feed did not enhance the NO reduction. It is conceivable that CO produced through char oxidation was oxidized in the CaO bed before it reduced NO. Considerable decomposition of N2O was observed in the CaO bed, although decomposition of N2O by char particles played only a minor role. Presumably, the CaL process can contribute to the reduction of greenhouse gas emissions not only by CO2 capture but also by N2O decomposition.
